Abstract. Detection and quantitation of protein-ligand binding interactions is important in many areas of biological research. Stability of proteins from rates of oxidation (SPROX) is an energetics-based technique for identifying the proteins targets of ligands in complex biological mixtures. Knowing the false-positive rate of protein target discovery in proteome-wide SPROX experiments is important for the correct interpretation of results. Reported here are the results of a control SPROX experiment in which chemical denaturation data is obtained on the proteins in two samples that originated from the same yeast lysate, as would be done in a typical SPROX experiment except that one sample would be spiked with the test ligand. False-positive rates of 1.2-2.2 % and G0.8 % are calculated for SPROX experiments using Q-TOF and Orbitrap mass spectrometer systems, respectively. Our results indicate that the false-positive rate is largely determined by random errors associated with the mass spectral analysis of the isobaric mass tag (e.g., iTRAQ®) reporter ions used for peptide quantitation. Our results also suggest that technical replicates can be used to effectively eliminate such false positives that result from this random error, as is demonstrated in a SPROX experiment to identify yeast protein targets of the drug, manassantin A. The impact of ion purity in the tandem mass spectral analyses and of background oxidation on the false-positive rate of protein target discovery using SPROX is also discussed.
Introduction
T he ability to detect and quantify the strength of proteinligand binding interactions is critical to many areas of biological research, from the discovery of novel proteinprotein interactions to understanding drug mode-of-action. Many techniques for the analysis of protein-ligand binding interactions (e.g., isothermal titration and differential scanning calorimetry [1] , surface plasmon resonance [2] , yeast two-or three-hybrid assay [3] [4] [5] , and protein microarrays [6] ) require large amounts of highly purified protein, and/or are limited to binary and direct protein-ligand interactions. Several energetics-based approaches, such as stability of unpurified proteins from rates of H/D exchange (SUPREX) [7] [8] [9] , stability of proteins from rates of oxidation (SPROX) [10] [11] [12] [13] [14] , and pulse proteolysis methods [15] [16] [17] have proven to be useful for the detection and quantitation of proteinligand binding interactions in complex biological mixtures such as cell lysates. Such energetics-based methods are attractive because they do not require large amounts of purified protein and are amenable to multiplexed analyses.
Recently, we described several proteome-wide applications of the SPROX technique [11, 13] in which the thermodynamic properties of proteins and protein-ligand complexes are assessed by evaluating the chemical denaturant dependence of the hydrogen peroxide-mediated oxidation of methionine side chains in proteins. The proteome-wide applications of SPROX reported to date have relied on the use of isobaric mass tags to quantify the denaturant dependence of the oxidation reaction in SPROX using a quantitative bottom-up shotgun proteomics strategy. In this strategy, the isobaric mass tag reporter ion intensities obtained for the methionine-containing peptides are used to generate chemical denaturation data. Ultimately, a transition midpoint (C 1/2 value) is determined from the data (see Figure 1 ) and used to evaluate a protein's thermodynamic stability 10].
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An important application of the SPROX technique is the detection and quantitation of protein-ligand binding interactions. Protein-ligand binding applications involve subjecting a protein sample to a SPROX analysis both in the absence and in the presence of the test ligand, and comparing the chemical denaturation data obtained from each analysis (Figure 1) . A shift in the C 1/2 value to higher or lower denaturant concentration can indicate ligandinduced stabilization or destabilization of the protein, respectively. In ideal cases, these measurements can be used to calculate binding affinities for the protein-ligand interaction. Proteome-wide applications of SPROX have enabled the ligand-binding properties of hundreds of proteins to be simultaneously assayed in the context of complex biological samples [11] [12] [13] .
While SPROX is a powerful tool for the detection and quantitation of protein-ligand binding interactions in complex biological mixtures, understanding the false-positive rate associated with ligand binding detection in proteome-wide SPROX experiments is crucial for the correct interpretation of results. As part of this work, we report on the results of a control SPROX experiment that enables an evaluation of the false-positive rate associated with protein target discovery in proteome-wide SPROX applications using isobaric mass tags. The false-positive rate is also examined in a second set of experiments in which the proteins in a yeast cell lysate were assayed for interactions with the drug manassantin A. Also discussed is the impact of ion purity in the tandem mass spectral analyses and of background oxidation on the precision with which C 1/2 value assignments can be made in proteomewide SPROX applications using isobaric mass tags.
Materials and Methods
The Saccharomyces cerevisiae open reading frame strain used in this experiment (Y258) was purchased from Open Biosystems (Waltham, MA, USA). Guanidine hydrochloride (GdmCl), 30 % hydrogen peroxide, trichloroacetic acid (TCA), trifluoroacetic acid (TFA), triethylammonium bicarbonate (TEAB), s-methyl methanethiosulfonate (MMTS), ammonium bicarbonate (AmBic), L-methionine, L-tryptophan, L-histidine, L-leucine, sodium dodecyl sulfate (SDS), and proteomics grade porcine pancreas trypsin were purchased from SigmaAldrich (St. Louis, MO, USA). Ethanol and methanol were purchased from VWR International (Radnor, PA, USA). Solvents for the LC mobile phases, acetonitrile (ACN) and high purity water were purchased from Honeywell Burdick and Jackson (Morristown, NJ, USA). Sodium phosphate dibasic anhydrous was purchased from EM Science (Gardena, CA, USA) and acetic acid was purchased from Mallinckrodt (Hazelwood, MO, USA). The Pi 3 -methionine reagent kit and the macro C-18 spin columns were purchased from The Nest Group, Inc. (Southboro, MA, USA). The iTRAQ 8-plex reagents were purchased from AB SCIEX (Framingham, MA, USA). The Bradford reagent, formic acid (FA), tris (2-carboxyethyl) phosphine hydrochloride (TCEP HCl), and the protease inhibitors (AEBSF, bestatin, E-64, leupeptin, and pepstatin A) were purchased from Thermo Scientific (Waltham, MA, USA). A 20X inhibitor cocktail was prepared in which stock solutions of the inhibitors were mixed to give a final concentration of 0.2 mM pepstatin A, 0.4 mM leupeptin, 0.3 mM E-64, 1 mM bestatin, and 20 mM AEBSF. Manassantin A was prepared by total chemical synthesis and purified as described elsewhere [18] . was added to initiate the methionine oxidation reaction in each SPROX sample. After 3 min, the oxidation reaction in each SPROX sample was quenched with 1 mL of 300 mM L-methionine. A 300 μL volume of a TCA solution (1 g/mL) was added to each sample. The samples were kept on ice at 4°C overnight and centrifuged at 8000 RCF for 30 min at 4°C. The supernatant was decanted and the protein pellets were washed three times with 300 μL of ice-cold ethanol prior to the proteomic sample preparation and analysis described below.
III. Shotgun Proteomics

SPROX Analysis: Manassantin A Binding Experiment
A yeast cell lysate solution containing 10 μg/μL total protein was prepared as described elsewhere [12] , and divided into two 180 μL portions. A 20 μL aliquot of a 3 mM manassantin A solution prepared in DMSO was added to one portion to create a (+) ligand sample, and 20 μL of DMSO was added to the other portion to create a (-) ligand sample. The samples were incubated for 1 h at room temperature before 20 μL aliquots of the (-) and (+) samples were combined with 25 μL volumes of the SPROX buffers, which were comprised of 20 mM phosphate buffer (pH 7.4) and increasing amounts of GdmCl such that the final [GdmCl] in each SPROX oxidation reaction was 0.5, 1.0, 1.3, 1.5, 1.8, 2.0, 2.5, and 3.0 M. The resulting two sets of eight samples were equilibrated for 30 min at room temperature before 5 μL of 30 % H 2 O 2 was added to initiate the SPROX oxidation reaction. After 3 min, the SPROX oxidation reactions were each quenched with 1 mL of 300 mM L-methionine. The proteins in each SPROX sample were precipitated by addition of 200 μL of 1 g/mL TCA on ice for 3 h. Samples were centrifuged at 8000 RCF for 30 min at 4°C. The supernatant was decanted, and the protein pellets were washed four times with 300 μL of ice-cold ethanol. Samples were placed in a SpeedVac concentrator for 6 min to remove the ethanol prior to the proteomic sample preparation described below.
Proteomic Sample Preparation and Analysis
The protein pellets generated in the control experiment and in the manassantin A binding experiment were each dissolved in 35 μL of 0.5 M TEAB buffer, pH 8.5, containing 0.1 % SDS.
Samples were vortexed, sonicated, and heated at 60°C for 10-15 min each in order to facilitate the dissolution of the protein pellets. A 5 μL aliquot of each sample was removed and used in a Bradford assay to determine the total protein concentration in each sample, which ranged from 0.3 to 1.7 mg/mL. Samples were reacted with 5 mM TCEP at 60°C for 1 h to reduce disulfide bonds, reacted with 10 mM MMTS for 10 min at room temperature to block sulfhydryl groups in cysteine side chains, and digested with 1 μg of trypsin for~16 h at 37°C. The four sets of eight SPROX samples [(i.e., the two sets of (-) ligand samples in the control experiment and the (-) Aliquots, corresponding to the same amount of total peptide (~10-30 μg), from the eight different iTRAQ labeled samples from each SPROX analysis were combined to generate two (-) ligand samples from the control experiment and a (-) and (+) ligand sample from the manassantin A binding experiment. Each of the resulting four samples was split into two portions. One portion of each sample was desalted using C18 resin (The Nest Group) to generate "non-enriched" samples, and the other portion of each sample was enriched for methionine-containing peptides using the Pi 3 methionine reagent (The Nest Group) according to the manufacturer's protocol to generate "enriched" samples. The samples used for Controls 1A and 2A were from the same C18-clean-up and the same methionine enrichment, as were the samples used for Controls 1B and 2B. The samples used for Controls 3A and 3B were from additional C18 treatments and methionine enrichments. The samples for Man A Replicate 1 and 2 were from the same C18 clean-up and methionine enrichment.
LC-MS/MS Sample Analysis: Control Experiment
The two (-) ligand samples in the control experiment were analyzed on a Q-TOF LC-MS/MS system from Agilent Technologies, Inc. (Santa Clara, CA, USA) that was comprised of a 1200 series Nano and Cap pump with a micro-well plate sampler and a 6520B Q-TOF with a Chip Cube interface. The HPLC Chip used in this experiment contained a 160 nL trapping column and 75 μm × 150 mm column with 300 Å Zorbax C18 packing (5 μM). The flow rate was 400 nL/min. The two solvents used to establish the gradient were solvent A, which was 0.1 % formic acid in H 2 O, and solvent B, which was 0.1 % formic acid in ACN. The gradient increased linearly from 3 %-15 % solvent B in 2.5 min, 15 %-45 % solvent B in 78 min, and 45 %-100 % solvent B in 10 min. The drying gas flow rate was set to 4 or 6 L/min at a temperature of 350°C. The capillary voltage, fragmentor, skimmer, and octapole fro were set to 1900-1975 V, 175 V, 65.0 V, and 750 V, respectively. Precursor ion scans were collected at a rate of 3 scans/s and product ion scans were collected at a rate of 2 scans/s. Product ion scans were collected for the top four most intense peaks in a given precursor scan with an intensity threshold of 1000, and dynamic exclusion of a given m/z ratio was set at two scans in a 0.6 min window. The precursor isolation width was 4m/z, the scan range for the precursor scan was 300-3000m/z and 100-3000m/z for the product ion scan. Collision induced dissociation was achieved with an energy of 3.9 V/100m/z and an off-set of +2.9 V. For the LC-MS/MS runs in Control 3, an additional setting of preferred ions from the previous controls' hits were added to increase the chance of collecting additional quantitative data for those peptides.
The two (-) ligand samples, A and B, generated in the control experiment were each subjected to total of 22 LC-MS/ MS analyses. The LC-MS/MS data were searched on Spectrum Mill Workbench Software B.04 Rev. B against the SwissProt Saccharomyces cerevisiae database with trypsin digestion allowing only tryptic termini and up to three missed cleavages. Fixed modifications were set to MMTS on cysteines and iTRAQ 8-Plex on the N-terminus and lysines. Oxidation was set as a variable (0-1) modification for methionine. The mass tolerance was set to 20 ppm for the precursor ion and 50 ppm for the product ions. In the methionine enriched samples, methionine was set as a required residue.
The peptide and protein identifications and iTRAQ reporter ion intensities from the first three LC-MS/MS analyses of the enriched and non-enriched samples of A and B constituted the data in Control 1. The data resulting from the next three LC-MS/MS analyses of the enriched and non-enriched samples of A and B constituted the data for Control 2, and the data resulting from the last five LC-MS/MS analyses of enriched and non-enriched samples of A and B constituted the data in Control 3. Thus, only Control samples 1 and 2 are true technical replicates.
LC-MS/MS Sample Analysis: Manassantin A Binding Experiment
The (-) and (+) ligand samples in the manassantin A binding experiment were analyzed at the Proteomics Resource at the Fred Hutchinson Cancer Research Center on an Orbitrap Elite ETD mass spectrometer equipped with an EASY-nLC system (ThermoFisher Scientific Inc., Waltham, MA, USA). The trapping column was a 100 μm × 2 cm Integrafrit column (New Objective, Woburn, MA, USA) packed with 200 Å Magic C18 AQ 5 μm material (Michrom), and the column was a 75 μm × 25 cm PicoFrit column (New Objective) packed with 100 Å Magic C18 AQ 5 μm material (Michrom, Auburn, CA, USA). The flow rate was 400 nL/ min. The LC gradient was 5 % to 7 % solvent B over 2 min, 7 % to 35 % solvent B over 90 min, 3 % to 50 % solvent B over 1 min, isocratic at 50 % solvent B for 9 min, increased from 50 % to 95 % B over 1 min, and finally isocratic at 95 % solvent B for the last 8 min. Product ion scans (resolution 15,000) were collected for the top 10 most intense peaks in a given precursor scan (resolution 60,000) with an intensity threshold of 5000, and dynamic exclusion of a given m/z ratio was set at 1 scan in a 0.75 min window. The precursor isolation width was 1.2m/z. The scan range for the precursor scan was 400-1800m/z and 100-2000m/z for the product ion scan. Collision induced dissociation was achieved using HCD with normalized collision energy of 40 % and an HCD activation time of 0.1 ms.
The LC-MS/MS data were searched using Proteome Discoverer with fixed modifications of MMTS on cysteine and iTRAQ 8-Plex on N-terminus and lysine residues. Proteome Discoverer was set with a variable modification of oxidation on methionine residues. For data analysis, only peptides identified with high and medium confidence (i.e., false discovery-rates (FDR) G1 % and 5 %, respectively) were used. The resulting peptide and protein identifications and iTRAQ reporter ion intensities from the first LC-MS/MS analyses of the enriched and non-enriched samples of the (-) and (+) sample comprised manassantin A replicate 1, and the resulting data from the second LC-MS/MS analyses of the enriched and non-enriched samples of the (-) and (+) samples comprised manassantin A replicate 2. Thus, the two manassantin A replicate analyses were true technical replicates.
SPROX Data Analysis
The SPROX data analysis was performed as described previously [12] . Briefly, the identified peptide sequences and their corresponding iTRAQ reporter ion intensities were exported into Excel along with the filename, identification, score, charge state, modifications, isolation purity, retention time, protein accession number, and protein name. Only peptides with high quality quantitative data (i.e., iTRAQ reporter ion intensities at m/z 113-121 that summed to 91000) were used in subsequent analyses. The iTRAQ reporter ion intensities for an individual peptide were normalized as we have previously described [12] . Detailed information is provided in the Supporting Materials.
The normalized iTRAQ reporter ion intensities were used to generate chemical denaturation data sets for the peptides identified and successfully quantified in the two (-) ligand samples in the control experiment and in the two (-) and (+) ligand samples in the manassantin A binding experiment. In each experiment, a set of hit peptides with normalized iTRAQ reporter ion differences that resulted in transition midpoint shifts of 90.5 M were identified by a visual inspection of the data or by visual inspection of the data after a difference analysis as described in the Supporting Material. All the peptides with significant transition midpoint shifts (i.e., shifts 90.5 M) and consistent retention times (i.e., within 3 min) in the control experiments were labeled as false positives, and all the peptides with significant transition midpoint shifts and consistent retention times (i.e., within 3 min) in the manassantin A mode-of-action experiment were labeled as potential hits.
Results and Discussion
Control Experiment
In order to directly assess the false-positive rate of the SPROX technique, a control experiment was performed using the SPROX protocol outlined in Figure 1 . Two equal portions of the same yeast cell lysate sample were subjected to parallel SPROX analyses, as would be done in a typical protein-ligand binding experiment using SPROX, with the exception that neither protein sample was incubated with ligand. The proteomic results obtained in replicate LC-MS/ MS analyses of the control SPROX samples are summarized in Table 1 . The LC-MS/MS data in each control replicate were that from three to five LC-MS/MS runs of the nonenriched peptide sample and three to five LC-MS/MS runs of the methionine-enriched peptide sample. Also, shown in Table 1 is a summary of the proteomic results obtained when the isobaric mass tag data from all three control experiments were analyzed together. The iTRAQ data from each of the control experiments and in the combined data set were analyzed and false-positive peptides and proteins were identified (see Supplementary Table S-1 in the Supporting Material). All the identified false-positive peptides resulted from normalized reporter ion intensity differences that yielded transition midpoint shifts between 0.5 and 1.0 M [GdmCl]. Shown in Figure 2 are the chemical denaturation data obtained for a typical non-hit and false-positive peptide.
The results shown in Table 1 reveal that the false-positive rate of protein-ligand discovery using SPROX is in the range of 1.2 %-2.2 %. This rate is slightly less than the 5 % falsepositive rate previously reported in a study that compared the results obtained on control samples generated in two different protein-ligand binding studies performed on two different instrument platforms [13] . This earlier study did not employ a retention time filter. An inspection of the eight false-positive peptides and proteins identified in the three control experiments in this work revealed that none of the eight peptide hits were detected as a hit in more than one control experiment, despite the fact that all but one of the peptide hits were effectively assayed in at least two of the control experiments (Supplementary Table S-1). The lack of common false-positive peptides among the control experiments suggests that the false positives observed in these control experiments are the result of random error associated with the mass spectral readout of the isobaric mass tag reporter ion intensities.
The variation in reporter ion intensities obtained on the non-methionine-containing peptides in the SPROX experiment can be used to assess the expected variability of the isobaric mass tag reporter ion intensities in the mass spectral readout. The normalized reporter ion intensities for all of the non-methionine containing peptides in the SPROX experiment were generally distributed around 1.0 (see Figure 3) . The SD associated with the normalized reporter ion intensities of the non-methionine containing peptides in the technical replicates of the control experiment ranged from 0.28 to 0.56 with an average SD of 0.41 (see Supplementary Table S-2). Our results suggest that with such variances, the false discovery rate of hit peptides in the SPROX experiment is on the order of 1.2 %-2.2 % (Table 1) .
Protein-Ligand Binding Experiment with Manassantin A
The SPROX protocol outlined in Figure 1 was utilized in a drug mode-of-action study to assess the reproducibility of potential hits in technical replicates. In this analysis, the endogenous proteins in a yeast cell lysate were analyzed for binding to manassantin A, a natural product that has been shown to have anti-cancer activity in cell-based assays but that has an unknown mode-of-action [18] [19] [20] . The LC-MS/ MS data for this ligand-binding experiment were acquired on an Orbitrap mass spectrometer with HCD. The proteomic results obtained from replicate LC-MS/MS analyses of the (-) and (+) ligand samples generated in this manassantin A binding experiment are summarized in Table 1 . Representative chemical denaturation data obtained in the manassantin A binding experiment are shown in Figure 4 . Reported value is an upper bound as it assumes that all identified hits are false positives
The increased speed and sensitivity of the Orbitrap mass spectrometer system over the Q-TOF system not only increased the peptide and protein coverage in our SPROX experiments but also significantly reduced the number of LC-MS/MS runs needed to attain such coverage. We also found that the raw iTRAQ reporter ion intensities were significantly higher on the Orbitrap mass spectrometer system than on the Q-TOF platform. For example, the median iTRAQ reporter ion intensities for the LC-MS/MS analyses of the non-enhanced samples analyzed on the Q-TOF were between 250 and 500 relative intensity units, whereas they were between 12,000 and 18,000 relative intensity units for similar samples analyzed on the Orbitrap instrument.
It is noteworthy that the variation in reporter ion intensities obtained for the non-methionine-containing peptides in the manassantin A binding experiment was significantly less than that observed in the control experiments. The SD associated with the normalized reporter ion intensities of the nonmethionine containing peptides in the technical replicates of the manassantin A binding experiments ranged from 0.12 to 0.24, with an average SD of 0.15 (Supplementary Table S-2). This variation is approximately 2.5-fold less than that observed in the control experiment described above, which was performed on an Agilent Q-TOF mass spectrometer (see Figure 3 and Supplementary Table S-2). The lower variation better distinguishes the pre-and post-transition baselines of a SPROX curve, which facilitates the assignment of transition midpoints. We attribute the lower variation observed on the Orbitrap mass spectrometer system to the increased ion signal intensities of the iTRAQ reporter ions recorded on this instrument.
In order to assess the false-positive rate associated with our SPROX experiments on the Orbitrap mass spectrometer system, we compared the chemical denaturation data obtained in the two technical replicates of the (-) ligand samples from the manassantin A binding experiment. A total of eight out of the 1057 methionine-containing peptides analyzed in the two technical replicates were identified as hits even though the two data sets originated from the same (-) ligand sample (Table 1  and Supplementary Table S-3) . From this analysis, we The chemical denaturation data sets obtained in the two replicate analyses of the (-) and (+) ligand samples in the manassantin A binding experiment were analyzed to identify potential protein targets of manassantin A. In replicate 1 of the manassantin A binding study, seven out of the 1082 methionine-containing peptides analyzed were identified as potential hits. In replicate 2, six out of the 1269 methioninecontaining peptides analyzed were identified as potential hits (see Supplementary Table S -4) . Although six of the 13 potential hit peptides were assayed in both replicates, none of these six potential hit peptides consistently appeared as a hit in both replicates (Supplementary Table S -4) . In theory, these six peptides could be false positives in the replicate in which they were detected as hits or false negatives in the replicate in which they were not detected as hits. Unfortunately, the false-negative rate of protein target discovery in the SPROX experiment is difficult to determine. However, given our finding that the false-positive rate in SPROX experiments is relatively small (G1 %) and largely due to random error, it is likely that the six potential hit peptides yielding inconsistent results in the two replicate analyses are false positives. The false positives observed in the control experiments described above displayed the same such variability. Shown in Figure 4 are the chemical denaturation data obtained for a non-hit peptide and for one of the six peptides that only appeared as a hit in one technical replicate. The seven potential hit peptides that were only assayed in one technical replicate (see Supplementary Table S-4) require further validation (e.g., using additional biological and/or technical replicates of SPROX and other assays) to determine if the observed C 1/2 value shifts are indicative of true interactions with manassantin A or if they are also false positives.
Impact of Ion Purity in Tandem Mass Spectral Analyses
One source of error in quantitative proteomics experiments using isobaric mass tags is that co-eluting isobaric peptides can interfere with quantitation [21] . In order to determine if such a phenomenon was impacting the false discovery of proteinligand interactions in the SPROX experiment, we examined the ion purity of the hit peptide ions when they were selected for CID (or HCD) in the LC-MS/MS analyses ( Figure 5 ). Global analyses of the data in the control and manassantin A binding experiments revealed that the ion purities of the hit peptides in these experiments were not dramatically different from those of the non-hit peptides ( Figure 5 ). However, an inspection of the individual product ion mass spectra used to generate the chemical denaturation data of the hit peptides revealed that a number of the peptide hits in our experiments did indeed have at least one product ion mass spectra generated from peptide ions of relatively low purity (i.e., ion purities less than 50 % and 70 % in the control and manassantin A binding experiments, respectively). In both cases, these ion purities include the bottom~20 % of the data (see Figure 5) .
The fraction of peptide hits with product ion mass spectra from low purity ions varied in the experiments described. The fraction was 2 out of 8 in the control experiments on the Q-TOF instrument (see Supplementary Table S- distinction between the pre-and post-transition baselines, or one reporter ion intensity that was relatively high. In theory, peptide hits resulting from chemical denaturation data compromised by product ion mass spectra from low purity ions can be identified and filtered out to reduce the false-positive rate in SPROX experiments. Interestingly, the peptide hits with chemical denaturation data that were compromised by low ion purities tended to be from oxidized peptides from the nonenriched sample runs, which were more complex and largely comprised of non-methionine-containing peptides. Interferences from non-methionine-containing peptides, which have no denaturant dependence to their iTRAQ reporter ion intensities, are likely responsible for the poor separation of the pre-and post-transition baselines that ultimately lead to incorrect C 1/2 value determinations.
Impact of Background Oxidation
A potential complication in proteome-wide SPROX analyses is the oxidation of methionine-containing peptides before and/or after the methionine oxidation reaction in the SPROX buffers is quenched. Such pre-and/or post-SPROX oxidation is difficult to identify and can compromise the accuracy of C 1/2 value determinations using oxidized peptides. If the extent of such pre-and post-SPROX oxidation is different in the (-) and (+) ligand samples, the precision of C 1/2 value determinations will be compromised, and false positives may result. Clearly, the impact of background oxidation on the false-positive rate in SPROX will be experiment-dependent. It is also noteworthy that the impact of such background oxidation on the falsepositive rate was small. For example, the oxidized peptide hits in the control and manassantin A binding experiments in this work constituted small fractions (i.e., between 0 and 2.5 %) of the total number of oxidized peptides assayed in each experiment. One source of background oxidation is the oxidation of methionine-containing peptides at the electrospray interface between the LC column and the mass spectrometer [22] . In contrast to other sources of background oxidation in the SPROX experiment, this source of oxidation can be identified in the SPROX experiment. Methionine-containing peptides oxidized at the electrospray interface are identified in the LC-MS/MS analysis as oxidized, but they have the retention time and chemical denaturation data (i.e., iTRAQ reporter ion intensities that decrease as a function of denaturant) of the corresponding un-oxidized peptide. Oxidized peptides displaying such behavior can be easily identified and eliminated from the analysis. In this work, seven oxidized peptides identified in the manassantin A binding experiments performed on the Orbitrap instrument displayed this behavior. These peptides were eliminated from the analysis and are not included in the hit peptide lists summarized in Supplementary Tables S-3 or S-4. Interestingly, no such hit peptides were identified in the control experiments performed on the Q-TOF instrument. Presumably, this was a result of the decreased sensitivity and/or different source design of the Q-TOF.
Conclusions
The false discovery rate of peptide hits observed in SPROX experiments was~2 % in a control experiment performed on a Q-TOF mass spectrometer and~0.8 % in a ligand-binding study performed on an Orbitrap mass spectrometer system equipped with HCD. If peptide hits with low ion purity are filtered out, the false-positive rates determined in our experi- ments on the Q-TOF and Orbitrap instruments decrease tõ 1.2 % and 0.2 %, respectively. We conclude that the false discovery rate of peptide "hits" in the SPROX experiment is ultimately limited by the inherent variability of the reporter ion intensities generated in the LC-MS/MS analyses. The technical variability defined here sets a lower bound to the overall falsepositive rate of protein target discovery in SPROX experiments, as the overall false-positive rate may also be impacted by biological variability, which was not assessed here.
In the control experiment performed on the Q-TOF mass spectrometer, the variability in the iTRAQ reporter ion intensities was determined to be ±40 %, whereas the variability of the iTRAQ intensities was ±15 % in the manassantin A binding study performed on the Orbitrap mass spectrometer. This 2.5-fold decrease in iTRAQ reporter ion variation is likely responsible for the reduced false-positive rate we observed in our iTRAQ SPROX experiments performed on the Orbitrap instrument. We find that ion purity in tandem mass spectral analyses and background oxidation can affect the false-positive rate of protein-ligand discovery in SPROX analyses, but such effects are not widespread and, in many cases, false positives resulting from such effects can be identified and filtered out. Our results suggest that technical replicates of SPROX samples provide an effective and efficient way to eliminate false positives obtained in proteome-wide SPROX studies of protein-ligand interactions.
